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Single crystals of RPtln, R = Y, Gd - Lu were grown out of In-rich ternary solution. Powder 
X-ray diffraction data on all of these compounds were consistent with the hexagonal ZrNiAl-type 
structure (space group P 6 2 m). The R — Tb and Tm members of the series appear to order 
antiferromagnetically (Tjv = 46.0 K, and 3.0 K respectively), whereas the R — Gd, Dy - Er 
compounds have at least a ferromagnetic component of the magnetization along the c-axis. The 
magnetic ordering temperatures of all of these systems seem to scale well with the de Gennes factor 
dG, whereas the curious switching from ferromagnetic to antiferromagnetic ordering across the series 
is correlated with a change in anisotropy, such that, in the low temperature paramagnetic state, 
Xab > Xc f° r the antiferromagnetic compounds, and \ c > \ab for the rest. In order to characterize 
the magnetic ordering across the RPtln series, a three-dimensional model of the magnetic moments 
in Fe2P-type systems was developed, using the three co-planar Ising-like systems model previously 
introduced for the extremely planar TbPtln compound: given the orthorhombic point symmetry of 
the R sites, we assumed the magnetic moments to be confined to six non-planar easy axes, whose 
in-plane projections are rotate by 60° with respect to each other. Such a model is consistent with 
the reduced high-field magnetization values observed for the RPtln compounds, R = Tb - Tm, and 
qualitatively reproduces the features of the angular dependent magnetization of Ho^Yi-^Ptln at 
H = 55 kG. 

PACS numbers: 75.25.+z; 75.10.-b; 75.30.Gw; 75.30.Kz; 75.50.Ee 



I. Introduction 

The RPtln compounds (R = Y, La-Sm, Gd-Lu) have 
been reported to crystallize in the ZrNiAl hexagonal 
structur o 1 ^ 3 , space group P62m, with the rare earth 
in orthorhombic point symmetry, whereas the R = Eu 
member of this series forms in an orthorhombic TiNiSi- 
type structure^ (space group Prima). Magnetic and 
transport measurements on some of these materials re- 
vealed a variety of physical properties across the se- 
ries: CePtlnSi&a and YbPtln 10 ! 11 ! 12 appear to be dense 
Kondo systems, with the electronic specific heat coeffi- 
cient 7 larger than 500 mJ/mol K 2 , and 430 mJ/mol 
K 2 respectively; no magnetic order was observed in the 
former compound down to 60 mKS, whereas the latter 
appears to order antiferromagnetically below 3.4 Kifi. In 
TbPtlni 3 . the antiferromagnetic nature of the magnetic 
order below 50 K was indirectly suggested by the meta- 
magnetic transitions observed in the M(H) data below 
this temperature. Watson et al. 13 have also reported 
that the R = Gd and Dy members of this series have 
ferromagnetic ground states, with Tc = 89 K, and 38 
K respectively, with reduced values of both the effec- 
tive and the saturated moments of these two compounds. 
Whereas for the Dy system, the disagreement with the 
respective theoretical values could be attributed to crys- 
tal electric field CEF effects, it was unclear what was 
causing it in GdPtln. CEF effects are also apparent in 
the magnetization measurements on PrPtln down to T = 
1.7 K, which, together with the resistivity data™ suggest a 
possible ferromagnetic transition at lower temperatures. 
Similar data on SmPtln are indicative of ferromagnetic 



ordering in this compound below Tq = 25 K. 

We recently presented detailed magnetization and 
transport measurements on single crystals of TbPtln 14 : 
anisotropic low-field susceptibility and specific heat mea- 
surements confirm the antiferromagnetic ground state, 
with Tw = 46 K, slightly different than the previously 
reported valued; below the ordering temperature, com- 
plex metamagnetism is revealed by magnetization mea- 
surements with applied field in the basal plane. Whereas 
from the high-temperature inverse susceptibility we ob- 
tained an effective moment Me// = 9.74 /zs/Tb 3+ , close 
to the theoretical value 9.72 /zg, the high-field magne- 
tization data yielded values only up to ~ 6 /is/Tb 3+ , 
much smaller than the theoretical saturated moment of 
9 fiB ■ In order to explain the reduced magnetization val- 
ues, as well as the angular dependence of the metamag- 
netic properties, we proposed a three co-planar Ising-like 
systems model, which took into account the orthorhom- 
bic point symmetry of the rare earth ions in the hexag- 
onal unit cell of the RPtln compounds^. Within such 
a model, for applied magnetic fields far smaller than the 
CEF splitting energy, for TbPtln one expects a crystal 
field limited saturated paramagnetic CL-SPM state equal 

to 6 fiB- 

In view of these existing magnetization and trans- 
port data, the magnetic ordering in the heavy rare earth 
members of the RPtln series was somewhat intriguing: 
whereas for GdPtln and DyPtln, ferromagnetic ground 
states were reported, the intermediate R = Tb member 
appears to order antiferromagnetically, which is a rather 
unusual discontinuity for a magnetically ordering local 
moment series. 
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In the present work we are trying to address this prob- 
lem, and also extend the characterization of the physical 
properties to all the heavy RPtln systems (i.e., for R 
= Y, Gd - Lu). Having been able to grow single crys- 
tals for all of these compounds, we have the possibility 
of determining the effect of the CEF anisotropy on their 
magnetic properties, more so than in the previous studies 
on polycrystalline samples. As we shall see, the hexag- 
onal crystal structure of these compounds, with three R 
ions in the unit cell occupying unique orthorhombic point 
symmetry sites, is of crucial importance in explaining 
the moment configurations and magnetic ordering in the 
RPtln materials described here. 

In presenting our data, we will start with the non- 
magnetic members of the RPtln series, R = Y and 
Lu; then we will continue with the magnetic ones (R 
= Gd - Tm), characterizing each of the compounds by 
temperature- and field-dependent magnetization, as well 
as zero-field specific heat measurements. A brief descrip- 
tion of the previously reportedi2iii*i£ heavy fermion com- 
pound YbPtln is also included, our measurements be- 
ing performed, as with all the other R compounds, on 
solution-grown single crystals. 

Next, we will briefly present the model for the mag- 
netic moment configuration, characterizing the extremely 
planar TbPtln compound (which is described in detail 
by Morosan et a/^s); a more generalized version of this 
model, extended to three dimensions, will then be used 
to describe the magnetism in the other magnetic com- 
pounds except YbPtln. 

We will conclude by emphasizing the possibility of gen- 
eralizing our three co-planar Ising-like systems model to 
a three dimensional one, which could potentially describe 
hexagonal systems with orthorhombic point symmetry of 
the rare earth site beyond the RPtln series. Directions 
for further experiments which could potentially probe the 
validity of our assumed model will also be discussed. 



II. EXPERIMENTAL METHODS 

Single crystals of RPtln (R = Y, Gd - Lu) were 
grown out of high-temperature ternary solutioniiiiiiiSiii. 
Initial concentrations used were typically H x Pt x lni-2 X , 
with x = 0.05 — 0.10, and the resulting crystals were 
well-formed hexagonal rods. The In-rich self-flux was 
used because it lowers the liquid-solidus surface of pri- 
mary solidification for RPtln, and also introduces no new 
elements into the melt. After placing the constituent el- 
ements in alumina crucibles, the crucibles were sealed in 
quartz ampoules under partial argon pressure. In most 
cases the ampoules were initially heated up to ~ 1200° 
C, and then slowly cooled down to ~ 800° C, over 50 
to 100 hours. Subsequently, the excess liquid solution 
was decanted, and the resulting hexagonal rods were, if 
necessary, quickly etched in HC1 to remove residual flux 
from the surface. Higher decanting temperatures (i.e., 
above 1000° C) were necessary for R = Y, Gd and Er, 



whereas in the case of TmPtln the temperature inter- 
val for which best crystals were obtained was lower (be- 
tween 1100° C to 750° C). In some cases, the hexagonal 
rods had hollow channels in the center, sometimes with 
flux inclusions. We succeeded in optimizing the growth 
of TbPtln by using faster cooling rates (i.e., 400° C / 
50h); this yielded only well-formed, full, hexagonal rods, 
whereas when slowing down the cooling process hollow 
crystals were obtained together with full, smaller ones. 
Slight modifications of the initial concentrations and/or 
growth profiles for Dy, Ho or Er didn't totally eliminate 
the formation of hollow rods, but 100 % dense samples 
could easily be found. For all our measurements, care- 
fully chosen, well-formed single crystals were used, so as 
to avoid possible mass errors on hollow rods to propagate 
into our data. 

A drastic modification of the growth procedure needed 
to be made for YbPtln: a ternary solution with ini- 
tial composition Ybo.4Pto.1Ino. 5 was sealed in a 3-cap Ta 
crucible^, and slow-cooled from 1200° C to 1000° C over 
~ 100 hours, resulting in well-formed hexagonal rods. 

To confirm the crystal structure of the RPtln com- 
pounds (R = Y, Gd - Lu), room temperature powder 
X-ray measurements were performed, using Cu K Q radi- 
ation. A typical pattern is shown in FigQ for TbPtln. 
All detected peaks were indexed using the Rietica Ri- 
etveld refinement program, with the P62m space group 
and lattice parameters a — (7.56 ± 0.01) A and 
c = (3.87 ± 0.01) A, and no secondary phases were 
detected. In Fig[3 the volume and the dimensions of the 
unit cell across the series are shown as a function of the 
R 3+ ionic radii. All values shown in this figure are cal- 
culated from high angle/high intensity peaks, i.e., using 
the (231) and (032) peaks, together with the correspond- 
ing error bars which also encompass the values yielded 
by the Rietica refinement. The unit cell volume (Fig[5Ji) 
generally follows the expected lanthanide contraction 18 
(as shown by the dotted line), as does the c lattice pa- 
rameter (Fig[2b), whereas an apparent non-monotonic 
change of the a parameter is noticeable in Fig[2t. How- 
ever, the R = Tm and Yb volumes appear to deviate 
slightly from the monotonic decrease across the series; 
whereas this could indicate, at least for R = Yb, a trend 
toward valence 2+ for the rare earth ions, we shall see 
that the magnetic measurements are consistent with the 
presence of magnetism in the respective compounds, as- 
sociated with trivalent R ions. 

Additional single crystal x-ray measurements were per- 
formed on the R = Tb, Tm and Yb members of the se- 
ries; these data indicated a small (i.e., less than 6 %) 
deficient occupancy of one of the two Pt sites in the unit 
cell of the R = Yb system, leading to a stoichiometry 
closest to YbPto.97ln. The analogous measurements on 
TbPtln and TmPtln crystals indicated full occupancy 
on all crystallographic sites in these compounds. The 
lattice parameters from single crystal X-ray data for all 
three compounds are consistent with the powder values 
in Fig|21 
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Magnetic measurements were performed in a Quan- 
tum Design Magnetic Properties Measurement System 
(MPMS) SQUID magnetometer (T = 1.8 - 350 K, R max 
= 55 kG). Additional measurements up to 140 kG were 
also taken for TbPtln, using an extraction magnetome- 
ter in a Quantum Design Physical Properties Measure- 
ment System (PPMS). We measured anisotropic field and 
temperature dependent magnetization for all compounds, 
having the applied field H || corH || ab, with arbitrary 
orientation of the field within the basal plane unless oth- 
erwise specified. The corresponding susceptibilities were 
calculated as M / H, whereas the polycrystalline average 
susceptibility was estimated to be 

Xave = 1/3 * (Xc + 2 * Xab), 

or, when in-plane anisotropic measurements were avail- 
able (i.e., for the external field H [100] and 
H || [120]), 

Xave = 1/3 * (X[100] + X[120] + X[001])- 

Curie- Weiss behavior of the anisotropic susceptibili- 
ties was observed for all magnetic compounds, such that 
X = C I (T + 6h'). Thus from the high-temperature 
linear inverse susceptibilities we were able to determine 
both the effective moment Heff (and compare it with the 
expected free ion value) and the anisotropic Weiss tem- 
peratures Qw for each compound. 

Additional angular dependent magnetization measure- 
ments have been performed on the HoPtln compound, as 
well as on the corresponding dilution with non-magnetic 
Y 3+ ions on the Ho site, Ho^Yi^Ptln (x ~ 0.04). For 
these measurements, the angular position of the sam- 
ples was controlled by a specially modified MPMS sam- 
ple holder which allowed for the rotation of the sample 
so that either the [001], [100] or [120]-axis stayed per- 
pendicular to the applied magnetic field. Torque on the 
rotor was avoided by using small mass samples for the ro- 
tation measurements, and these data were subsequently 
calibrated with the two directions M(H) data on larger 
mass samples, as described in more detail by Morosan et 
alii. 

Heat capacity measurements were made in the same 
Quantum Design PPMS system. For each measurement, 
the sample holder and grease background data, taken 
separately, were later subtracted from the sample re- 
sponse. 

For the antiferromagnetic members of the series (R 
= Tb and Tm), we inferred the transition temperatures 
(Neel temperature or spin reorientation temperatures) as 
determined from d(M ave /H * T)/dTil and C P (T) plots. 
In the ferromagnetic RPtln compounds, unusually broad 
peaks marked the ordering in the specific heat data. Thus 
the onset of the transition was chosen as the Curie tem- 
perature Tc (i.e., the T value for which an increase of the 
specific heat data occurs as the temperature is lowered 
through the phase transition). 



III. RESULTS 

We are characterizing each compound by anisotropic 
magnetization and specific heat measurements, starting 
with the non-magnetic YPtln and LuPtln members of 
the series. Next the magnetic RPtln will be introduced, 
for R = Gd to Tm. For each, we will emphasize the na- 
ture of the ordered state together with the ordering tem- 
peratures, as well as the high field, anisotropic magneti- 
zation data, as these provide key values in our discussion 
and analysis following the data presentation. Lastly, sim- 
ilar data on YbPtln is presented, with a note that a more 
detailed analysis of the heavy fermion character of this 
compound is the subject of a separate investigational. 

A. YPtln and LuPtln 

The anisotropic susceptibilities of the two members 
of the RPtln series with non-magnetic R ion (R = 
Y and Lu) are very small and basically temperature- 
independent. However, the dominant terms in the sus- 
ceptibility data seem quite different for the two com- 
pounds, as the average high-temperature values are pos- 
itive in the case of YPtln (around (6.6 ± 0.7) x 10 -5 
emu/mol for H \\ ab, and (4.6 ± 1.1) x 10~ 5 
emu/mol for H \\ c), and negative for LuPtln (around 
(-3.8 ± 0.2) x 10" 4 emu/mol for H \\ ab, and 
(-4.5 ± 0.3) x 10~ 4 emu/mol for H || c). The field- 
dependent magnetization values for both compounds are 
extremely small, as expected for non-magnetic R com- 
pounds. 

Heat capacity measurements in zero applied field were 
performed for the two systems, for 2 < T < 90 K. As 
seen in Fig. [21 they have similar temperature dependen- 
cies; the higher molecular weight for LuPtln (and con- 
sequently the expected lower Debye temperature) could 
explain the values of the specific heat data being larger 
for this compound than for YPtln. However, this does 
not account for the big entropy difference for these two 
systems (upper inset). This estimated entropy difference 
has a fairly large value AS ~ 0.9 * i?ln2 around 67 
K, which, as we shall see, is the magnetic ordering tem- 
perature for GdPtln. (The entropy difference is still con- 
siderably large when the measured specific heat data are 
scaled by their molecular weights, according to the Debye 
model.) Consequently, no meaningful magnetic specific 
heat estimates can be made for the magnetic RPtln com- 
pounds using either the R = Y or Lu compounds as the 
non-magnetic analogues. 

B. RPtln, R = Gd - Tm 

GdPtln 

The anisotropic H / M data for GdPtln, together with 
the polycrystalline average, are shown in Fig0J The inset 
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presents the low-temperature M / H data for low applied 
field (H — 100 G), measured on warming up after ei- 
ther zero-field cooling ZFC (symbols) or field cooling FC 
(solid lines) of the sample. The paramagnetic suscepti- 
bility shows Curie- Weiss behavior x(T) = C/(T + Q w ) 
above ~ 100 K. Qw represents the Weiss temperature, 
which can be determined from the linear fit of the high- 
temperature inverse susceptibility and the values cor- 
responding to the two orientations of the field, as well 
as the one for the polycrystalline average, are listed in 
Table 1. The inverse susceptibility data appear slightly 
anisotropic, contrary to the expected isotropic paramag- 
netic state for a Gd compound. This is possibly caused 
by the dominant anisotropic interaction in a pure S-state 
(i.e., L = 0) compound^, also consistent with the dif- 
ferent anisotropic Weiss temperatures for this Gd system 
(see Table 1). The effective moment value determined 
from the linear region in the inverse average susceptibil- 
ity is fJ-eff — 7.62 /is, comparable to the theoretical 
value of 7.94 /j,g for the Gd 3+ ions. 

The field dependent magnetization data (Fig[3) ap- 
pears to indicate ferromagnetic ordering along the c- 
axis. Measurements performed for both increasing and 
decreasing applied field reveal hysteresis loops for both H 
parallel and perpendicular to the c-axis. At H w 50 kG, 
the magnetization saturates in both directions around 
the expected 7 \xbI Gd 3+ value. As the increase of the 
axial magnetization with field (i.e., for H || c) is much 
faster than for H _L c, we are led to believe that the fer- 
romagnetic exchange interaction favors moments' align- 
ment along the c-axis. 

There is significant difference between the ZFC and 
the FC data in the ordered state for both H | ab 
and H c, with \c > Xab in the low-temperature 
paramagnetic state (inset FigQJ. This is consistent 
with the magnetic moments ordering ferromagnetically 
along the c-axis below the irreversibility temperature 
T irr = 63.8 ± 1.9 K, as it has already been reported 
on polycrystalline samples by Watson et alM>. The irre- 
versibility temperature for H \\ ab is slightly different 
(~ 65.2 K). Specific heat data is needed to determine 
the magnetic ordering temperature, and using an on-set 
criterion (FigEJl, the Curie temperature was determined 
to be Tc = 67.5 ± 0.5 K, larger than the anisotropic 
Ti rr values. In turn, this value is significantly lower than 
the previously reported ordering temperature for the 
polycrystalline samples 13 . We believe that the discrepan- 
cies in the ordering temperature estimates are due to the 
different criteria used for determining Tc, as well as to 
the different types of samples used in the measurements, 
with the single crystal data possibly being more accurate. 

TbPtln 

We have already looked in detail at the magnetic and 
transport properties of TbPtln 14 : in contrast to the 
neighboring R = Gd member of the series, TbPtln has 
an antiferromagnetic ground state below Tjv = 46.0 K, 



with an extremely anisotropic, planar susceptibility even 
in the paramagnetic state (FigEJ. At higher tempera- 
tures, the inverse average susceptibility becomes linear, 
indicating Curie- Weiss like behavior. Extrapolation of 
the polycrystalline linear fit down to low temperatures 
yields an effective moment value fJ> e ff = 9.74 /is, in 
good agreement with the theoretical value 9.72 [is for 
Tb 3+ ions. The anisotropic Weiss temperatures were 
also determined, and the corresponding values are given 
in Table 1. Another phase transition is apparent around 
T m = 27 .4 K, possibly associated with a spin reorien- 
tation. This phase transition was obscured in the mea- 
surements on polycrystalline samples^, whereas the Tn 
value that we determined based on measurements on sin- 
gle crystals is fairly close to the previously reported one. 

As already seen by Morosan et a/ii», the TbPtln spe- 
cific heat shown in Fig[HJi. confirms the Neel tempera- 
ture and the lower temperature transition at T m (marked 
by the vertical dotted lines). These transition temper- 
atures are also consistent with those revealed by the 
d(M ave /H * T)/dT data (Fig|Ht>) , as expected for an- 
tiferromagnetic compounds^. 

Anisotropic field-dependent measurements at T = 2 
K (Fig[§J) reveal the presence of several metamag- 
netic transitions for field applied perpendicular to the 
hexagonal c-axis, whereas for field along the c-axis an 
almost linear increase of the magnetization with field is 
observed up to ~ 140 kG. As emphasized by Morosan 
et ali*, apart from the extreme in-plane/out-of-plane 
anisotropy, there is also a complex angular dependence 
of the observed metamagnetism for H _L c. The full and 
open circles in Fig|5| represent the measurements corre- 
sponding to the two high symmetry in-plane directions 
of the applied field (i.e., the [120] and [110] directions 
respectively), for increasing and decreasing fields. The 
high-field magnetization values reach 6.45 /ib / Tb 3+ 
and 5.86 ^b/ Tb 3+ for the two in-plane directions, and, 
within the three coplanar Ising-like modeU^, correspond 
to the crystal field limited saturated paramagnetic 
CL-SPM state. Also consistent with this model in the 
low energy limit is the low value of the axial component 
of the magnetization M([001]) = 0.92 fi B / Tb 3 +. 
However, a slow increase of the high-field magnetization 
plateaus is apparent for H _L c; this, as well as the 
slow increase of M c with the applied field, may be due 
to the fact that the system is approaching the CEF 
splitting energy scale. Extrapolation of the high-field 
magnetization data (solid lines in FigEJ down to H = 
leads to smaller values (i.e., 6.13 /xb, 5.86 {1b and for 
M([120]), M([110]), and M([001]) respectively), even 
closer to the theoretical onesii 

DyPtln 

So far we have seen that GdPtln has a ferromagnetic 
ground state, with Xc > Xab in the low-temperature 
paramagnetic state, whereas TbPtln orders antiferro- 
magnetically and is extremely planar, even for a limited 
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temperature range above Tjv- 

As we move towards the heavier R members of the 
series, DyPtln resembles more the R = Gd compound 
rather than the neighboring R = Tb one: from the 
anisotropic H / M data data shown in Fig^H it appears 
that DyPtln has a linear inverse average susceptibility, 
from which an effective moment fi e ff = 10.7 (1b can 
be determined, consistent with the theoretical value of 
10.6 lib- The anisotropic inverse susceptibilities can also 
be used to determine the Weiss temperatures, listed in 
Table. 1 for both orientations of the field, as well as for the 
polycrystalline average. Below ~ 30 K, DyPtln orders 
magnetically (the Curie temperature Tc will be deter- 
mined from the specific heat data, shown below). The 
ordered-state M / H data indicates a possible net fer- 
romagnetic component along the c-axis. Moreover, ZFC 
and FC data for H = 100 G (inset, FigO further con- 
firm this hypothesis, given the irreversibility of the Xc 
data below ~ 25 K, and no visible irreversibility for the 
Xab data. 

As previously seen for GdPtln, a rather broad peak 
in the specific heat data fFig lllfl indicates the mag- 
netic ordering of the DyPtln. Using the on-set cri- 
terion, the Curie temperature is determined to be 
Tq = (26.5 ± 0.5) K, indicated by the small vertical 
arrow. The substantial difference between our estimates 
and those of Watson et alii£ for the ordering tempera- 
ture, which appears to persist for all RPtln members (R 
= Gd - Dy) described so far, could be a consequence of 
the two sets of data having been collected on single crys- 
tal or polycrystalline samples, respectively. However, for 
the ferromagnetic compounds, different criteria used for 
determining the ordering temperature may also be caus- 
ing the aforementioned differences. 

The field-dependent magnetization loops (— 55 kG 
< H < 55 kG) are shown in FigUU for both H \\ c 
and H _L c. For the applied field along the c-axis 
(crosses), a small hysteresis can be observed, whereas the 
magnetization rapidly increases towards a saturated-like 
value around ~ 6.88 lib / Dy 3+ . This is consistent 
with a ferromagnetic component of the magnetization 
along the c-axis, which is well below the expected 
10 ix b saturated value for Dy 3+ ions. For H _L c, 
a metamagnetic transition occurs around ~ 37 kG, 
leading to a state with the magnetization value around 
4.98 lib, even smaller than the axial component. As 
we shall see for the rest of the local-moment members 
of the series (R = Ho, Er, Tm), the measured values 
of the magnetization at the highest applied field are 
far smaller than the theoretical saturated values for 
the respective ions, for both H c and H _L c. 
Starting from the two-dimensional model already devel- 
oped for TbPtlnii, we will attempt to generalize it to 
three dimensions such as to explain the nature of the or- 
dered state across the whole RPtln series (R = Gd - Tm) . 

HoPtln 

HoPtln has similar physical properties to GdPtln and 



DyPtln, and appears to conform to some general char- 
acteristics of the RPtln series, with the Tb member as 
an apparent exception: axial ferromagnetic component of 
the ordered state magnetization, less than the theoretical 
saturated values above ~ 50 kG for both the axial and 
the planar magnetizations. 

As can be seen in Fig ll3l the anisotropic in- 
verse susceptibilities are linear at high temperatures; 
from the polycrystalline average, we get an effective 
moment of 10.5 fiB, close to the theoretical value 
/x e //(Ho 3+ ) = 10.6 lib- The presence of the ferro- 
magnetic component of the ordered state is evidenced 
by the anisotropic M / H data featuring a large, broad 
peak at low temperatures for H || c (inset Fig ll3|l . with 
Xc > Xab in the low-temperature paramagnetic state. 
In the specific heat data fFig l!4[l . magnetic ordering is 
apparent below Tc — 23.5 ± 0.5 K, as indicated by the 
small arrow. 

The idea of a ferromagnetic component of the mag- 
netization is further confirmed by the field dependent 
data in Fig 1 151 where for the field applied in the c 
direction (crosses), the magnetization rapidly increases 
with H. The maximum value reached within our field 
limits is ~ 7.81 lib, less than the calculated saturated 
moment for Ho 3+ ions. As the magnetic field is applied 
parallel to the basal plane, the resulting magnetization 
curve is consistent with either a broad metamagnetic 
transition or with a continuous spin-flop transition. 
Around H = 55 kG, the in-plane component of the 
magnetization is 4.3 lib, even smaller than the axial one 
and less than half of /i sat (Ho 3+ ). 

ErPtln 

As TbPtln appears to be an exception, the R = Er 
member of the RPtln series follows the already observed 
trends for the other heavy R compounds. The H / M 
average data seen in Fig ll6l is linear towards high tem- 
peratures, indicative of Curie- Weiss behavior of magneti- 
zation. However, crossing of the planar and axial inverse 
susceptibilities occurs around 150 K, possibly a result of 
strong crystal field effects at high temperatures in this 
compound. Similar crossing of the anisotropic inverse 
susceptibilities was also observed for the R = Er mem- 
ber of the RNi2B2C series^. The effective moment value 
extracted from the high-T linear region of the inverse 
average susceptibility is fJ. e ff = 10.1 lib, close the theo- 
retical 9.6 lib value (within the accuracy of our data and 
fit). 

The low temperature anisotropic H / M data shown in 
the inset is consistent with ferromagnetic ground state, 
with Xc > Xab in the low-T paramagnetic state. The 
Curie temperature, as determined from the specific heat 
data in Fig ll7l is Tc = 8.5 ± 0.5 K, as the small arrow 
indicates. 

From the field-dependent measurements in Fig ll8l we 
also infer that the magnetization has a ferromagnetic 
component along the c-axis, as the corresponding data 
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(crosses) rapidly increase with field. Above ~ 10 kG, 
the axial magnetization has an almost constant value 
around 7.50 hb, whereas the theoretical saturated 
moment for Er 3+ ions is 9 \xb- When H _L c (open 
circles), the magnetization data is almost linear in field, 
with a weak hint of un upward curvature around 20 kG, 
possibly indicating a metamagnetic transition. Towards 
50 kG, the magnetization almost levels off around a 
2.77 hb value, much lower than the expected saturated 
moment. 

TmPtln 

Having an antiferromagnetic ground state and a pla- 
nar magnetization component larger than the axial one, 
TbPtln differs from the rest of the RPtln compounds 
mentioned so far, whereas below we show that it resem- 
bles the R = Tm member of this series. 

The high temperature inverse susceptibility of TmPtln 
(Tig ll9fl is linear, yielding an effective magnetic moment 
around 7.7 fiB, close to the theoretical value calculated 
for Tm 3+ ions, /i e // = 7.6 fiB- However, unlike the 
aforementioned members of the series (except Tb), below 
~ 4 K this compound appears to order antiferromagnet- 
ically, as suggested by the low-temperature susceptibil- 
ity data in the inset. Sharp peaks in the susceptibility 
data around T/v are typically indicative of antiferromag- 
netic ordered state, as is the case with the H || c data 
(crosses) shown in the inset in Fig^J The similar peak 
for the in-plane susceptibility (open circles) is somewhat 
broader, possibly due to spin fluctuations or CEF effects, 
which result in reduced susceptibility values around the 
ordering temperature. 

A peak in the specific heat (FigESO suggests that the 
magnetic order occurs at Tv = 3.0 ± 0.5 K, and, as ex- 
pected for antiferromagnetic compounds 19 , is consistent 
with the d(M ave /H * T)/dT data in FigHJ.. 

The T = 2 K magnetization isotherms fFig l21(l 
indicate one (for H c) or more (for H ab) 

metamagnetic transitions. Following these fairly broad 
transitions (due to the high temperature, compared to 
Tjv, for which these data were taken), the magnetization 
curves seem to approach some horizontal plateaus 
around 2.26 /ib for the field along the c-axis, and 
4.42 \ib for the field within the a6-plane respectively. 
As for the other RPtln (except for R = Gd), both these 
values are much smaller than the calculated effective 
moment of 7 /i b for the Tm 3+ ions. 



C. YbPtln 

YbPtln stands out from the rest of the RPtln com- 
pounds through a number of distinctly different proper- 
ties. FigE21 shows the inverse anisotropic susceptibilities 
(symbols), together with the calculated polycrystallinc 
average (solid line). The latter data is linear above ~ 50 



K, despite a pronounced departure from linearity of the 
axial inverse H / M data (crosses) below ~ 200 K, prob- 
ably due to CEF effects. From the fit of the linear part 
of the average H / M data, an effective moment of 4.3 
Hb/ Yb 3+ can be determined, close to the theoretical 4.5 
Hb/ value. For lower temperatures, no distinguishable 
features associated with magnetic order are visible in the 
M I H data data down to 1.8 K (inset, FigE3, for field 
values of 0.1 and 20 kG. This observations are consistent 
with the susceptibility data reported by Kaczorowski et 
alw^. However, the specific heat data fFig l23(l shows a 
sharp peak around 2.1 K, and the feature associated with 
this transition could have been missed in the M / H 
measurements because of the limited temperature range 
below the transition. 

Trovarelli et alJQ presented magnetization measure- 
ments that, for low applied fields (H = 0.1 kG), sug- 
gest antiferromagnetic ordering below T/v = 3.4 K, a 
value that is different from the possible transition tem- 
perature indicated by our measurements. In trying to 
understand the possible cause of such differences, single 
crystal x-ray measurements were performed. They indi- 
cate that our flux-grown YbPtln single crystals have a 
partial (i.e., ~ 94 %) occupancy for one of the two Pt 
sites in the unit cell, such that the stoichiometry of these 
crystals is closest to YbPto.97in. This is not entirely sur- 
prising, given the different flux growth process (a low 
Pt-concentration used in the initial Ybo.4Pto.1Ino. 5 solu- 
tion). Consequently the R = Yb compound is excluded 
from the following discussion. A more complete analysis 
of the thermodynamic and transport properties of this 
material is currently the subject of a different studjsSli. 



IV. DATA ANALYSIS 

The magnetic RPtln compounds that we investi- 
gate here appear to order magnetically below ~ 70 
K. As can be seen in Fig l24l their ordering tempera- 
tures T or d scale fairly well with the de Gennes factor 
dG = (gj — I) 2 J (J + 1), where gj is the Lande g- 
factor, and J is the total angular momentum of the R 3+ 
ion Hund's rule ground state. Whereas this suggests that 
the RKKY interaction between the conduction electrons 
and the local magnetic moments gives rise to the long- 
range magnetic order, slight departures from linearity, 
similar to those seen for other rare earth-seriesS 3 ^!^, are 
due to the extremely simplified assumptions associated 
with the de Gennes scaling. The scaling is apparently un- 
affected by the curious switching from ferromagnetic to 
antiferromagnetic ordering across the RPtln series, which 
appears to be correlated with a change in the anisotropy, 
such that, in the low-T paramagnetic state, x.c > Xab 
for the ferromagnetic compounds, and Xab > Xc for the 
antiferromagnetic ones. At first, this may seem inconsis- 
tent with de Gennes scaling, which would indicate similar 
ordering mechanisms for all RPtln compounds, R = Gd 
- Tm. As we shall see, we believe that, because of their 
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Fe2P-type hexagonal structure, with three R ions sitting 
at orthorhombic point symmetry sites, strong CEF ef- 
fects constrain the local magnetic moments in R = Tb - 
Tm to equivalent non-collinear easy-axes. This results in 
(i) anisotropic paramagnetic magnetization, and (ii) crys- 
tal field limited saturated paramagnetic CL-SPM states 
with magnetization values well below the corresponding 
free ion saturated moments. 

We have already modelled the effects of strong crys- 
tal electric fields on the Fe2P-type crystal structure, for 
the case of the extremely planar R = Tb member of the 
RPtln series and the similar R = Tm member of the 
RAgGe series, using the three co-planar Ising-like sys- 
tems modeU^: having three rare earths in orthorhom- 
bic point symmetry, the hexagonal symmetry of the unit 
cell was achieved by constraining the local moments to 
three equivalent co-planar directions, 60° away from each 
other. In allowing both the "up" and "down" posi- 
tions {i.e., Ising-like) for each of the three magnetic mo- 
ments, the antiferromagnetic ground state was, in the 
simplest case, realized by a (\Ti/) moment configu- 
ration fFig l25fa ): upon increasing the applied magnetic 
field within the basal plane, a number of metamagnetic 
states occurred, showing simple dependencies of the crit- 
ical fields H c and the locally saturated magnetizations 
M sat on the angle 9 between the direction of the field 
and the easy axis (see Fig. 13 and related discussion by 
Morosan et ali^). When all the moments are in their 
"up" positions (XT/"), a crystal field limited saturated 
paramagnetic CL-SPM state is reached (Fiel25b): the ex- 
pected magnetization value is 

l/3*^(Tb 3 +Ml + 2*cos60 ) = 2/3*Aw(Tb 3 +) 
or 2/3*9 /is = 6/is, 

consistent with the easy-axis measured data (full cir- 
cles) shown in Fig|5J 

We thus see that the aforementioned three co-planar 
Ising-like systems model explains how the measured mag- 
netization values can be much smaller than the theoreti- 
cal saturated value of 9 [is for the Tb 3+ ions. 

By contrast, the GdPtln doesn't exhibit such reduced 
values of the magnetization for high applied fields (Fig|5J, 
given that the Gd 3+ ions are in a symmetric 8 SV/ 2 state, 
and thus the CEF effects are minimal: for H | c 
(crosses), the magnetization rapidly increases, reaching 
/i sat (Gd 3 +) = 7 [i B for H > 10 kG. This is typical 
of a ferromagnetic magnetization for field applied along 
the direction of the moments (easy axis). Furthermore, 
the H _L c data (open circles) represent classical hard 
axis data, and are consistent with axial ferromagnetic or- 
dering in this compound, as the saturated state is also 
reached, however at a slower rate (i.e., for H > 40 kG). 

For the other neighboring TbPtln compound, the 
DyPtln magnetization resembles the similar data for 
GdPtln, even though the presence of CEF effects in the 
former system results in reduced magnetization values at 
our maximum applied field: as can be seen in Fig ll2l 
the H [\ c magnetization (crosses) rapidly increases 
with field, as expected for a ferromagnet with moments 



along c, but at H = 55 kG its value is only ~ 0.7 
of the theoretical saturated moment of 10 hb- For field 
applied within the basal plane (open circles), only 0.5 
of the saturated moment is reached following a metam- 
agnetic transition around 35 kG. Whereas more metam- 
agnetic transitions beyond our maximum field of 55 kG 
could account for the small magnetization values in this 
compound, such a hypothesis does not address one more 
peculiarity already apparent for the RPtln series: even 
though the R = Gd and Dy compounds are ferromag- 
netic, and the R = Tb one is antiferromagnetic, their or- 
dering temperatures scale well with the de Gennes factor, 
as we showed in Figl24l Furthermore, the R = Ho and Er 
compounds also display ferromagnetic components of the 
ordered state magnetization, whereas TmPtln is antifer- 
romagnetic, and yet the de Gennes scaling still holds for 
all heavy RPtln compounds fFig!24(l. The question arises 
whether a generalized hypothesis exists, which could ac- 
count for the magnetic ordering in all RPtln systems (R 
= Gd - Tm), or whether TbPtln and TmPtln should 
be regarded as exceptions from the ferromagnetic axial 
ordering across the series. 

In what follows we will present one plausible model 
for the magnetic ordering in the local moment RPtln 
compounds, a generalized version of the two-dimensional 
three Ising-like systems model, which addresses the above 
points. We first proposed such a model for DyAgGeSi, an 
isostructural compound to RPtln, for which a ferromag- 
netic component of the magnetization was also apparent 
along the c-axis. 

In the three co-planar Ising-like systems model, we as- 
sume that the magnetic moments are allowed to three 
orientations (along any three of the six equivalent six- 
fold symmetry axes within the basal plane), with two 
positions ("up" and "down") per orientation. This re- 
sults in a set of three two-fold degenerate easy-axes, 60° 
away from each other, the degeneracy being a direct con- 
sequence of the requirement that the Ising-like systems 
be co-planar: the "up" position for a given easy-axis is 
indistinguishable from the " down" position for the equiv- 
alent direction 3 * 60° = 180° away. 

If we release the restriction that the moments be co- 
planar, while still imposing that their in-plane projec- 
tions be 60° away from each other to preserve the hexag- 
onal symmetry of the crystals, this degeneracy is lifted, 
and the moments are not necessarily Ising-like systems 
any more. The three-dimensional model described above 
can be directly derived from the planar one, as follows: 
we consider that Fig l25l represents the in-plane projec- 
tion of the magnetic moments' configuration, to which 
non-zero axial components of the moments are added. 
The possible resulting moment configurations can be ob- 
tained using any combination of " up" (thin solid arrows) 
or "down" (thin dotted arrows) planar and axial com- 
ponents of the magnetic moments, as shown in Fig l26l 
Given the orthorhombic point symmetry of the magnetic 
moments' sites, this yields two possible co-planar orien- 
tations for each magnetic moment, with the correspond- 
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ing "up" and "down" positions for each. The thick solid 
arrows in Fig l26l represent the full magnetic moments, 
which are parallel to three non-planar, equivalent direc- 
tions (i.e., easy axes), inclined at an angle a from the c- 
axis. This configuration corresponds to the crystal field 
limited saturated paramagnetic CL-SPM state, where all 
in-plane and axial components of the magnetic moments 
are in their respective "up" positions. 

It is worth noting that, by analogy with the two- 
dimensional model, there are two sets of easy axes: the 
[1 2 Z]-equivalent axes, where I is the c-axis Miller index, 
for which the corresponding in-plane model exactly de- 
scribes TbPtln, or the [1 1 Z]-cquivalcnt directions, with a 
two-dimensional analogous example being TmAgGe (also 
described in detail by Morosan et alM?). In our present 
model and data analysis, we are assuming the first sce- 
nario, in which the easy axes are the [1 2 Z]-equivalent 
directions, which project in the a&-plane onto the [1 2 0] 
directions. Consequently we will refer to the (1 2 0) 
planes as the "easy" planes and the [1 2 0] directions 
as "easy" in-plane axes, whereas the (1 1 0) planes and 
the [1 1 0]-axes will be called in this case "hard" planes 
and "hard" in-plane axes respectively. When the [1 1 I] 
directions are the easy axes, the same description is still 
valid, with the "easy" and "hard" planes and in-plane 
directions interchanged from the previous case. 

We have thus introduced a model generalized from the 
three co-planar Ising-like systems model, which takes into 
account the CEF effects on hexagonal compounds with 
orthorhombic point symmetry of the rare earths. For 
each compound, the strength of the CEF effects will be 
reflected by the value of the angle a between the easy- 
axes and the c-axis. At low temperatures, another en- 
ergy scale is introduced by the applied magnetic field, and 
the model described above is only valid for fields much 
smaller than the CEF energy. In this limit, for the high- 
est applied fields, a CL-SPM state is reached, for which 
the anisotropic magnetization values are smaller than the 
theoretical saturated moments fi sa t for the respective R 
ions. 

For a fixed angle a, there are six possible easy-axes (or 
three pairs of co-planar easy axes), each with the corre- 
sponding "up" and "down" positions. As in the case of 
the two-dimensional model, multiples S of three moments 
may be required to characterize the moment configura- 
tion for a given applied field. The orientation of the ap- 
plied field will determine the magnetic moments to align 
along the three easy axes closest to the direction of the 
field, whereas its magnitude will determine the number of 
"up" and "down" moments along those three easy axes. 

The CL-SPM state is reached when all three magnetic 
moments are in their "up" positions along three adjacent 
easy axes closest to the field direction (or, equivalcntly, 
when all in-plane and axial components of the magnetic 
moments are in their "up" positions). This state is il- 
lustrated in Fig l26l for the magnetic field applied off the 
c-axis. (If H is parallel to the c-axis, all six "up" posi- 
tions of the magnetic moments are equally probable, and 



only when rotating the field away from c the three easy 
axes closest to the applied field direction are uniquely 
determined) . 

Experimentally we can only measure the projection of 
the magnetic moments along the field direction, with the 
resulting magnetization per magnetic moment given by 

M = | [ Afi + A? 2 + M 3 ] • j. 

Moreover, we were able to measure the angular depen- 
dent magnetization for the magnetic field applied within 
the horizontal a6-plane and the high-symmetry vertical 
planes (i.e., "easy" or "hard" planes). Such data can be 
used to probe the validity of our model, by comparison 
with the theoretical calculation of the expected angular 
dependent "easy" and "hard" magnetization values. 

For a fixed angle a, and for field making an angle 9 with 
the c-axis, the magnetization values M e (9) and M h (9) 
in the CL-SPM state are, as calculated in detail in the 
Appendix: 

M e C L-SPM/^sat(^ i+ ) = 

| * sin a * sin 9 + cos a * cos 9 

and 

M£ L _ SPM /Vsat(R 3+ ) = 

^*sina* sin (9 + cos a* cos 9, 
where 9 is the angle between the applied magnetic field 
and the c-axis, and the indexes "e" and "h" denote, re- 
spectively, the "easy"- and "hard" -plane components of 
the magnetization. As already mentioned, we assume 
the "easy" and "hard" axes to be the [1 2 0] and the [1 1 
0] directions, respectively. In what follows, our analysis 
refers only to the CL-SPM state, therefore the subscript 
denoting the respective state has been dropped for clar- 
ity. 

From these calculations, the expected magnetization 
components (in units of /U sa t(R 3+ )) for field parallel or 
perpendicular to the c-axis are: 

M([001]) = M e (9 = 0°) = M h (9 = 0°) = cosa < 1, 

M([120]) = M e (9 = 90°) = § sin a < 1 

and 

M([110]) = M h (9 = 90°) = ^ sin a < 1. 
Moreover, local maxima for the M e and M 
curves are reached for 9 max = arctan(| tana), 

and arctan(-^ tana) respectively, with the 
corresponding magnetization values equal to 

y^cos 2 a + (|) 2 sin 2 a = v/^~~"§ sm2 a < 1; 

and ^cos 2 a + {^) 2 sin 2 a = yi - | sin 2 a < 1. 

As can be seen from the above calculations, one should 
expect the measured magnetization values to be smaller 
than the theoretical saturated moment /z sa t(R 3+ ), re- 
gardless of the direction of the applied field. The only 
exception is the axial magnetization M ([001]) for a = 0° 
(moments parallel to the c-axis), when the expected value 
is exactly /i sat (R 3+ ). These observations lend support 
to the idea that the three-dimensional model considered 
above could describe the RPtln compounds, since for all 
R = Tb - Tm we have indeed observed reduced values of 
the high-field anisotropic magnetizations. On the other 
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hand, it appears that the fully saturated magnetization 
measured for GdPtln could be described by the above 
model for a = 0°, but the absence of CEF effects re- 
stricts the applicability of our model to this compound. 

In the case of TbPtln the magnetization measurements 
revealed extreme planar anisotropy of this compound 
(Fig0 and 0) ■ Within our three-dimensional model, this 
is consistent with the angle a being equal to 90°, when 
the magnetic moments become co-planar. In this case, 
the calculated magnetization values become (in units of 

M,a t (Tb 3 +)) 

M([001]) = cos 90° = 0, 
M([120]) = | sin 90° = § 
and 

M([110]) = ^ sin90° = ^. 

These values show that when a = 90°, our model 
indeed reduces to the three co-planar Ising-like systems 
modeU^. 

When 0° < a < 90°, our model yields axial magne- 
tization values larger than 0, and this is observed for all 
RPtln, R = Tb - Tm. Therefore we can verify the ap- 
plicability of our model to these systems by estimating 
the angle a, and comparing the measured and calculated 
magnetization values in the CL-SPM state as follows: 

For all RPtln compounds, the in-plane magnetization 
measurements were performed for field along the [1 2 0] 
direction. Since it is not readily apparent whether this 
represents the "easy" or "hard" in-plane direction, one 
way to estimate the angle a is from the M([0 1]) data: 

M([0 1]) / /i S at(R 3+) = cos a. 

Therefore a = arccos(M([0 1]) /^ sa t(R 3+ ))- These 
values are listed in Table 2, together with the measured 
magnetization values M([0 1] at if = 55 kG, which 
were used in the above formula. For this value of the 
angle a, the "easy" and "hard" in-plane magnetization 
components should be, as described above, 

M e I /w(R 3+ ) = f sin a 

and 

M h I /i S at(R 3+ ) = ^ sin a. 

However, slight misalignments of the samples can occur 
for if || c, which may result in significant errors in our 
determination of angle a. In order to minimize these 
errors, another way to determine a is from the ratio of 
the two anisotropic measured magnetizations: 

M([l 2 0]) / M([0 1]) = 2/3 * sin a / cos a if the 
[1 2 0] direction is the easy axis, 

or M([l 2 0]) / M([0 1]) = V3/3 * sina / cosa 
if the [1 2 0] direction is the hard axis. The measured 
M([l 2 0]) values which were used for these calculations 
are listed in Table 2. 

Thus the angle a is either 

arctan ( 3 / 2 * M([l 2 0]) / M([0 1])) 

or arctan ( 3 / V% * M([l 2 0]) / M([0 1])), 

and these estimated values are also listed in Table 2 as 
a e and a h . 

As can be observed from the angle values listed in 
Table 2, together with the error bars resulting from the 
two different calculations, the angle a ranges from 89° 



for TbPtln, to ~ 32° for ErPtln. Our three-dimensional 
model seems to be consistent with the experimental data 
for all RPtln, R = Tb - Tm. 

In order to further explore the validity of the above 
model, angular dependent magnetization measurements 
were performed for a Ho^Yi-^Ptln system (a; 0.04), 
for the applied field continuously rotated within the 
(0 1) or the (1 2 0) plane. The above R = Ho sys- 
tem was preferred because the M(H) curves in Fig|15l 
are consistent with CL-SPM saturated state at if = 55 
kG for both H |j c and if _L c, whereas the sys- 
tem with low concentration of magnetic ions was cho- 
sen for this measurement in order to check the valid- 
ity of our model in the single-ion limit. Moreover, the 
anisotropic field dependent data for the diluted sample 
(lines, Fig ll5|l show almost horizontal plateaus for fields 
higher than ~ 30 kG, with magnetization values close 
to the corresponding ones for the pure HoPtln (sym- 
bols). The angle a for Ho x Yi_ x PtIn, calculated using 
M{[0 1]) 1 5s kG = 7.41 hb/ Ho, is 42.1°, close to the 
corresponding value for the pure compound. 

The magnetization measured for field applied within 
the basal plane (i.e., the (0 1) plane) reveals the six-fold 
anisotropic data, with the ratio M([l 1 0]) / M([l 2 0]) 
close to cos 30° ~ 0.9, as expected based on the 
proposed model. The angular dependent magnetization 
at H — 55 kG is shown in Fig|23 (full circles) for 
H || (12 0). Also shown as solid lines are the calcu- 
lated M e (9) and M h (9), for fixed a = 42.1° determined 
above. As can be seen, the measured data qualitatively 
reproduces the features expected based on the above 
model (i.e., two-fold symmetry with respect to both the 
c-axis and the o6-plane, local minima corresponding to 
H || [001] or 9 — n * 180°, n-integer, and maxima at 
some intermediate angle). More detailed models which 
would characterize the RPtln may exist, and determining 
all of them is beyond the scope of this paper. However, if 
we restrict our discussion to the three-dimensional model 
described before, we see that significant departures from 
both calculated M e (9) and M h (9) curves can still be ob- 
served, despite the apparent qualitative agreement be- 
tween calculations and measured data. This may mean 
that either a totaly different model needs to be consid- 
ered, or that the aforementioned model needs further re- 
finement in order to describe at least the HoPtln, and 
perhaps the rest of the RPtln compounds. Furthermore, 
additional experiments (i.e., neutron diffraction) are re- 
quired to help identify the most appropriate model for 
the magnetization of the RPtln compounds. 



V. CONCLUSIONS 

Single crystals of the RPtln compounds (R = Gd - 
Lu) have been grown using the self-flux technique, and 
have been characterized by anisotropic temperature- and 
field-dependent magnetization and zero-field specific heat 
measurements. A small Pt-deficiency in the YbPtln is 
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apparent from single crystal X-ray data, whereas all the 
other heavy R members of the series are believed to form 
stoichiometrically. Because of this difference in composi- 
tion, we leave the characterization of the YbPtln system 
to a separate study 2 -, currently underway. 

The magnetic RPtln compounds order magnetically 
above 2 K, with the ordering temperatures scaling well 
with the deGennes dG factor fFig l24|) . This is consis- 
tent with the coupling between the conduction electrons 
and the local magnetic moments giving rise to the long- 
range magnetic order via RKKY exchange interaction. 
However, the R = Tb and Tm members of the series 
have antiferromagnetic ground states, whereas in the or- 
dered state, the magnetization of all the other compounds 
has at least a ferromagnetic component along the c-axis. 
These discontinuous changes from antiferromagnetic to 
ferromagnetic state across the series seems to also be as- 
sociated with a change of low-temperature anisotropy of 
the paramagnetic state, such that Xab > Xc for TbPtln 
and TmPtln, and Xab < Xc for the rest of the magnetic 
RPtln. 

The magnetization of the TbPtln compound is ex- 
tremely anisotropic, with the magnetic moments confined 
to the a&-plane. Below the antiferromagnetic ordering 
temperature Tpj — 46.0 K, a second magnetic phase 
transition is apparent around 27 K. At low temperature, 
in-plane magnetization data reveals complex metamag- 
netism, and this has been studied in detail, and described 
using the three co-planar Ising-like systems model by Mo- 
rosan et ali*. 

Having understood the complex angular dependent 
metamagnetism in the planar TbPtln compound, we at- 
tempted to generalize the three co-planar Ising-like sys- 
tems model to three dimensions, such as to characterize 
the magnetically ordered state in the other RPtln com- 
pounds: instead of assuming the moments to be confined 
to equivalent co-planar directions, 60° away from each 
other, they could be restricted to equivalent directions 
within vertical planes rotated by 60° around the c-axis. 
This is equivalent with sets of six non-planar easy axes, 
each at an angle a from the c-axis, with "up" and "down" 
orientations for each directions. When the applied field 
is oriented at a non-zero angle from the c-axis, the three 
magnetic moments will align along the three easy axes 
closest to the direction of the field. (This implies that at 
high enough fields, all three moments will be in the "up" 
positions of three adjacent easy axes, corresponding to 
the CL-SPM moment configuration.) 

The angle a between the easy axes and the c direc- 
tion is dependent, in each compound, on the crystalline 
electric field CEF energy. Simple geometrical relations 
allow us to calculated the expected components of the 
CL-SPM magnetization along the c-axis, as well as for 
the "easy" and "hard" in-plane orientations of the field. 
Assuming that for H = 55 kG (in most cases the max- 
imum available field for our measurements), the RPtln 
systems indeed reach the CL-SPM state at low temper- 
atures, we can determine the fixed value for the angle a 



for each compound, and compare the high-field measured 
magnetization values with the calculated ones. 

As can be seen from Table 2, all RPtln (R = Tb - 
Tm) are well described by this model, with a values be- 
tween 89° for R = Tb, and - 32° for R = Er. How- 
ever, such a model does not fully account for the angular 
dependence of the magnetization, at least in the case 
of Ho^Yi-zPtln: this is qualitatively reproduced by the 
model calculations, with considerable differences between 
the measured and theoretical magnetization values for 
the whole angular range. Whereas reasonable misorien- 
tation of the rotation sample cannot account for these 
differences, we are led to believe that it is necessary to 
refine the over-simplified model described here, and also 
that additional measurements may help clarify the mag- 
netic structure in these RPtln compounds. 



VI. APPENDIX 

In a cartesian coordinate system as shown in Fig l26l 
the three magnetization vectors in the CL-SPM state can 
be written as 

Mi = /x sat (R 3+ ) (0, sin a, cos a), 

M% = fx sat (R 3+ ) (sin a * cos 30° , sin a * sin 30° , cos a) 

and 

M 3 = /i sa t(R 3+ ) (sin a* cos 30°, — sin a* sin 30°, cos a), 
whereas, in general, the applied field vector can be 
written as 

H = (H x , H y , H z ). 

Thus the general expression for the CL-SPM magneti- 
zation M becomes 

M = | [(0 + sin a * cos 30° + sin a * cos 30°) * 

Sfj- + (sin a + sin a * sin 30° — sin a * sin 30°) * -# + 
(cos a + cos a + cosa)*-^] 
or 

M = ^ sina * + ± sina*^ + 
cos a * -jf- . 

Experimentally, we are able to measure the angular 
dependence of the magnetization within the "easy" and 
"hard" planes. If the magnetic field is continuously ro- 
tated within the "easy" plane ((2 1 0) in Fig l2tj|) than, in 

cartesian coordinates, the vector H becomes 
H = H (cos 30° * sin 9, sin 30° * sin6>, cos0), 
where 9 is a continuous variable representing the angle 
between the applied field and the c-axis. 

In this case, the angular dependent magnetization be- 
comes 

M7^ sat (R 3 +) = ^ sina*^ s i n( 9 
+ i sin a * i sin 9 + cos a * cos 9 = 
|* sin a* sin9 + cos a* cos#, 
where the index "e" refers to the "easy" plane compo- 
nent. 

Similarly, if the magnetic field is rotated within the 
"hard" (1 1 0) plane, the vector H can be written as 
H = H (cos 60° * sin 9, sin 60° * sin0, cos0)) 
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and the corresponding angular dependent magnetiza- 
tion is 

M h /fi sat (R 3+ ) = ^ sina*i sin6> 
+| sin a* sin^ + cos a* cos# = 

^*sina* sin# + cos a* cos#. 

The index "h" is used to indicate the "hard" plane 
component of this magnetization. 

Both calculated M e (6) and M h {9) are shown in Fig[77l 
(solid lines) for fixed a = 42.1°, as calculated for the 
Ho x Yi_ x PtIn system (see text). As expected, the two- 
fold symmetry with respect to the c-axis (9 = 2n * 90°, 
n-integer) and the a6-planc (9 = (2n + 1) * 90°, n- 
integer) is revealed by both the calculated angular de- 



pendent magnetizations. 
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TABLE I: Magnetic ordering temperatures, T m , effective 
magnetic moments and anisotropic paramagnetic Weiss tem- 
peratures Qw- 





Gd 


Tb 


Dy 


Ho 


Er 


Tm 


Yb 


T m (K) 


67.5 ± 0.5 


46.0 ± 0.5 
27.4 ± 0.5 


26.5 ± 0.5 


23.5 ± 0.5 


8.5 ± 0.5 


3.0 ± 0.5 


2.1 ± 0.2 




7.6 


9.7 


10.7 


10.5 


10.1 


7.7 


4.3 


e Q 6(K) 


-57.2 ± 1.5 


-38.1 ± 1.4 


-2.2 ± 5.2 


7.5 ± 0.2 


14.5 ± 10.8 


-7.8 ± 2.2 


8.2 ± 0.9 


6c(K) 


-67.9 ± 0.5 


-29.2 ± 3.1 


-29.0 ± 0.4 


-27.8 ± 0.3 


-9.6 ± 1.9 


36.9 ± 0.5 


135.9 ± 4.0 


e a „ e (K) 


-61.6 ± 0.8 


-34.7 ± 4.6 


-9.1 ± 0.8 


- 7.7 ± 1.0 


13.2 ± 3.3 


2.5 ± 0.5 


32.5 ± 2.8 



TABLE II: Anisotropic magnetization values measured at 
H — 55 kG, and the angles a determined as described in 
the text. 





Tb 


Dy 


Ho 


Er 


Tm 


M e ^([0 1]) / fIsat(R 3+ ) 


0.03 


0.69 


0.78 


0.83 


0.33 


Q (a) 


88° 


46.5° 


38.6° 


34.0° 


71.0° 


M e ^([l 2 0]) / Vsat(R 3+ ) 


0.68; 0.62 (6) 


0.50 


0.42 


0.28 


0.63 




90°; 90° 


47.4°; 51.3° 


39.7°; 43.8° 


29.1°; 32.7° 


71.0°; 73.4° 


a 


89.0° ± 1.0° 


48.9° ± 2.4° 


40.6° ± 2.0° 


31.6° ± 2.5° 


72.2° ± 1.2° 



(a) a values determined using M([0 1]) 1 55 kG (see 
text). 

(b) In-plane anisotropic magnetization values (M e and 
M h ) used to calculate the respective a values for TbPtln. 
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FIG. 1: Powder X-ray diffraction pattern for TbPtln. All 
peaks are indexed using a hexagonal P62m structure, with 
a = 7.56 A and c = 3.87 A. 
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FIG. 2: Unit cell volumes and lattice parameters for RPtln, 
R = Gd - Lu, as a function of R 3+ ionic radius. Dotted line 
- a guide for the eye, indicating the Lanthanide contraction. 
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FIG. 3: Heat capacity for YPtln and LuPtln, with low- 
temperature Cp / T vs. T 2 shown in lower inset (linear fits 
of the low-T data give 7 in units of mj / mol * K 2 ); upper 
inset: entropy difference AS (see text). 




FIG. 4: Anisotropic H / M data of GdPtln and calculated 
average (line) at H = 1 kG, with the anisotropic ZFC - FC 
low-temperature M / H data for H = 0.1 kG shown in the 
inset. 




FIG. 5: Anisotropic field-dependent magnetization loops for 
GdPtln, at T = 2 K. 




FIG. 6: Specific heat Cp(T) of GdPtln; small arrow indicates 
Tc determined from on-set (see text). 
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FIG. 7: Anisotropic H / M data of TbPtln and calculated 
average (line) at H = 1 kG; inset: low-temperature anisotropic 
M I H data. 
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FIG. 8: (a) Cp(T) and (b) low-temperature d(M a ve/H * 
T)/dT for TbPtln; dotted lines mark the peak positions, cor- 
responding to the magnetic transitions. 
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FIG. 9: Anisotropic field-dependent magnetization data for 
TbPtln, at T = 2 K, for increasing and decreasing field values 
(as indicated by arrows). 
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FIG. 10: Anisotropic H / M data for DyPtln and the cal- 
culated average (line) at H = 1 kG; inset: ZFC-FC low- 
temperature anisotropic M / H data for H = 0.1 kG. 
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FIG. 11: Specific heat C P (T) of DyPtln; small arrow indi- 
cates Tc determined from on-set (see text). 
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FIG. 12: Anisotropic field-dependent magnetization loops for 
DyPtln, at T = 2 K. 
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FIG. 13: Anisotropic H / M data for HoPtln and the cal- 
culated average (line) at H = 1 kG; inset: low-temperature 
anisotropic M / H data. 
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FIG. 14: Specific heat Cp(T) of HoPtln; small arrow indicates 
Tc determined from on-set (see text). 
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FIG. 15: Anisotropic field-dependent magnetization curves 
for HoPtln (symbols), and Ho^Yi-^Ptln, x ~ 0.04 (lines), 
at T = 2 K. 
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FIG. 16: Anisotropic H / M data for ErPtln and the cal- 
culated average (line) at H = 1 kG; inset: low-temperature 
anisotropic M / H data. 
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FIG. 17: Specific heat Cp(T) of ErPtln; small arrow indicates 
Tc determined from on-set (see text). 
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FIG. 18: Anisotropic field-dependent magnetization curves 
for ErPtln, at T = 2 K. 
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FIG. 19: Anisotropic H / M data for TmPtln and the cal- 
culated average (line) at H = 1 kG; inset: low-temperature 
anisotropic M / H data. 




FIG. 20: (a) Cp(T) and (b) low-temperature d(M ave /H * 
T)/dT for TmPtln; dotted line marks the peak position, cor- 
responding to Tjy. 
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FIG. 21: Anisotropic field-dependent magnetization curves 
for TmPtln, at T = 2 K. 
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FIG. 22: Anisotropic H / M data for YbPtln and the cal- 
culated average (line) at H = 1 kG; inset: low-temperature 
anisotropic M / H data. 
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FIG. 24: Changes of the magnetic ordering temperatures T m 
for RPtln (R = Gd - Tm) with the deGennes scaling fac- 
tor dG (the dotted line represents the expected linear de- 
pendence). Open symbol (for R = Tb) represents the low 
temperature transition from the higher-T to lower-T antifer- 
romagnetic state. 
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FIG. 25: Schematic representation of the three co-planar 
Ising-like systems model in (a) the antiferromagnetic and (b) 
the CL-SPM state. Solid arrows: "up" and dotted arrows: 
" down" orientations of the magnetic moments along the easy 
axes. 
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FIG. 26: The three-dimensional model for three magnetic 
moments at unique orthorhombic point symmetry sites: thin 
arrows (solid - "up" and dotted - "down") represent the non- 
zero components of the magnetic moments along the [001] or 
the easy in-plane directions (as shown, the [120] - equivalent 
directions). Thick arrows: full magnetic moments in the CL- 
SPM state. 



39 



o 

X 



J 0.6 




180 

e (deg) 



360 



FIG. 27: Angular dependent magnetization for Ho^Yi-^Ptln 
(x - 0.04) (full circles) at H = 55 kG and T = 2 K. The 
solid lines represent the "easy" and "hard" plane calculated 
magnetizations as a function of 9 (see text), for fixed angle a. 



